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Abstract
Bubble dynamics and understanding related mechanisms based on force analysis are necessary for better understanding two-phase flow phenomena in small channels. To address this subject, experiments were conducted with injected single air bubbles into rectangular minichannels containing flows of pure water, pure ethanol and TiO2-nanoparticle-based nanofluids, which had a nanoparticle mass fraction of 0.005 wt.% for both water and ethanol base fluids. For a range of fluid flow rates, bubble movement and temperature profiles were captured along the channel using high-speed and infrared (IR) cameras, respectively. Upon heating, when using nanofluids, deposition of TiO2 nanoparticles occurred. The results in the channels with cross sectional dimensions of 2 mm × 4 mm and heated length of 7 cm were compared with their counterparts on plain surfaces. Heat fluxes were applied by means of a tantalum film heater on the outer surface of the channel. Bubble dynamics and forces acting on the bubbles were quantitatively analyzed in relation to the fluid type, heat flux, flow rate and deposition. This study highlights the effects of TiO2-nanoparticles (dispersed in two different base fluids) on single-bubble dynamics in minichannels. The nanoparticle deposition was found to have a retarding effect on the bubble movement and led to a more elliptical shape rather than a spherical bubble shape. The bubble behavior is comprehensively assessed in the light of the visualization data and acting forces. 
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1 Introduction
Despite many studies in the literature, physical mechanisms and behavior of bubbles during sliding inside the channel while heating, especially in the presence of nanoparticle deposition, have not yet been fully understood due to their complex nature. In the development of miniaturized systems, understanding the underlying mechanisms as well as the effects of forces on bubble dynamics at small scales is crucial for achieving high performance. Each of the events, such as nucleation, growth, sliding and lift-off or departure of the bubbles at different temperatures should be investigated separately by taking the channel type (e.g. circular or rectangular channels) and orientation (e.g. vertical, horizontal and inclined) into account. Furthermore, bubble type and shape should be analyzed based on the acting forces, since small, confined and elongated bubbles exhibit different dynamics.
Additionally, bubble contact diameter on the heated surface is another important factor in bubble dynamics and in analysis of the acting forces. An increase in the contact diameter causes an increase in the bubble departure diameter as a result of the change in the forces in both horizontal and vertical directions [1,2]. Bubble detachment, which greatly influences heat transfer, has become an appealing subject [1–7]. The effect of bubble sliding process on heat transfer was analyzed by measuring the speed of a single bubble in relation to the heat transfer rate [8]. Kusuda et al. [9] proposed a theoretical model for predicting the heat transfer enhancement based on the temperature change, which occurred while bubble passed through a vertical rectangular channel. Some studies have also been performed on the prediction of heat transfer enhancement in a tube [10], on vertically upward-flows and downward-flows [11] and on a single vapor bubble on a downward facing heater surface [12,13]. Channels with different cross-sectional shape (circular and rectangular channels [3,8,14] or vertical wall [1]) and orientation (vertical [2–6,15,16], horizontal [8,17–20] and inclined) have also been considered in the literature. Furthermore, analyses have been conducted on the forces acting on a small bubble [2,3,8,15,16],  a confined bubble [15,16,18–20] and an elongated bubble [15–17,20] . Similar analyses have been performed on liquid-vapor interfaces including the major forces and scale effects on heat transfer in microchannels [21] as well as on bubbles nucleating from nucleation sites on horizontal, vertical and inclined plates [22]. Klausner et al. [22] conducted a force balance for a growing bubble in a horizontal Pyrex glass square channel and proposed a model for predicting bubble detachment diameter. Zeng et al. [23,24] improved this by determining the inclination angle on dynamic basis. Mei and Klausner [25] focused on the shear forces acting on spherical bubbles. Subsequently, Klausner et al. [14] postulated that the mean fluid velocity over the bubble determined the departure and lift-off diameter due to controlling the drag and wall superheat beneath the bubble.
In this study, the aim is to extend the abovementioned bubble dynamics studies by considering nanofluids as working fluids (with two different base fluids) and by utilizing nanoparticles as coatings on the surface during the experiments. Nanofluids, which ware produced by adding nano-size metallic and/or non-metallic particles with mean diameters of 1-100 nm to conventional base fluids such as water, ethylene glycol, engine oil, refrigerants and/or mixtures of the above fluids, were first investigated by Choi and Eastman [26], who noted that the nanoparticles altered the thermophysical properties of the liquids. They observed that nanoparticles could lead to enhanced heat transfer in both single- and two-phase heat transfer.
In summary, few studies attempted to investigate bubble dynamics in nanofluids and on the surfaces coated with nanoparticles. The objective of this study is to provide further understanding of single-bubble dynamics for different working nanofluids and coated surface configurations at various heat fluxes by presenting the bubbles behavior under various working conditions. As a continuation of research efforts on this field, a force analysis has been performed on different sizes of bubbles, namely small, confined and elongated ones on plain inner surfaces in a minichannel as well as on surfaces with TiO2 nanoparticle deposition using different working fluids, namely pure water, pure ethanol, along with water-based and ethanol-based nanofluids with TiO2 nanoparticle suspensions of a mass fraction of 0.005 wt.%. An air bubble was injected inside a rectangular glass minichannel, which was electrically heated by using a novel tantalum film heater coated on the outer surface of the minichannel. Heating of mini/micro rectangular channels in the literature was typically performed in a non-uniform fashion, such as heating on a base face, or heating from the three-sides of the channel and visualization from the unheated side, or using plexiglass slides bonding on the channel for visualization purposes [16]. To overcome this challenge, metallic channels (stainless steel) can be heated using resistance heating. Here, in this study, tantalum coating of the outer surface of the channel could be a good alternative for simultaneous heating and visualization. The bubble movement and temperature profiles along the channel were captured using high-speed and infrared (IR) cameras from the top-view of the minichannel, respectively. Increased functionality and power consumption of the microdevices and high-power electronics are accompanied with the cost of overheating. The generated heat must be dissipated to ensure reliable operation of such devices and to avoid worsening of their performance. The results reported in this study on the effect of surfaces with nanoparticle deposition on bubble behavior will assist in developing novel, functional and reliable coated surfaces applications in thermal management, microdevices involving phase change heat transfer and microfluidics/nanofluidics.

2 Experimental Method
2.1 Apparatus and procedure
The experimental setup consists of a tantalum coated borosilicate glass rectangular minichannel (according to the categorization of minichannel by the review of Kandlikar [27]), a high-speed camera, an infrared (IR) camera, a syringe pump, two integrated thermocouples and a DC power supply. Tantalum had been deposited on the outer surface of the channel wall, with a thickness of about 20 nm via Magneto-sputtering to provide a resistive heating film. The thickness of this film was chosen as a balance between transparency and achievable heat flux. The glass channel, which was horizontally positioned, as shown in Fig. 1, has a width of Win= 4 mm, height of hin= 2 mm, and a wall thickness of twall=0.4 mm. The length of the heated section is fixed at 7 cm. The working fluid was pumped through the minichannel at desired flow rates via a syringe pump. The inlet and outlet fluid temperatures were measured with K-type thermocouples placed at the inlet and outlet of the minichannel. A high-speed camera with a frame rate of 200 fps was installed above the minichannel along with the IR camera (ThermoVision® 900). Due to space restriction, the IR camera was tilted for a few degrees relative to the vertical position, with the high-speed camera mounted vertically. Whilst the whole channel heating length (7 cm) was within the field of view of the high-speed camera, the field of view of the IR camera was restricted to 4 cm of the channel heating length (Fig. 1). A fiber optic back-light was positioned under the test section to assist visualization. In order to permit injection of an air bubble, a stainless-steel needle with a diameter of 125 µm was inserted through the hole drilled into the elbow, which introduced the fluid inside the channel. This hole was sealed and electrically insulated using Dow Corning 795 silicon building sealant, which was cured for approximately 24 hours. 
The experimental conditions for the fluid mass fluxes, applied heat fluxes, inlet temperature and pressure are as follows: the mass flux between 2.1 g/(m2.s) and 20.8 (g/m2.s) for pure water and water-based nanofluids and between 1.6 g/(m2.s) and 16.5 g/(m2.s) for pure ethanol and ethanol-based nanofluids; the applied heat flux between 0 and 20 kW/m2; ambient inlet temperature (room temperature was 19°C); atmospheric pressure.
Nanoparticle deposition on channel walls has a significant effect when heat is applied in the presence of nanofluids. In order to investigate the deposition effect on single bubble dynamics upon heating, an air bubble was injected into a channel, whose inner walls of a minichannel had been deposited with TiO2 nanoparticles, via heating the TiO2/water nanofluid at the mass fraction of 0.005 wt.% inside the channel. Working fluids were chosen as pure DI water, pure ethanol, TiO2/DI-water nanofluid with a mass fraction of 0.005 wt.% and TiO2/ethanol nanofluid with a mass fraction of 0.005 wt.%. This specific mass fraction was chosen to have a relatively transparent nanofluid for better visualization with the high speed camera. The average uncertainties in mass flow rate, temperature, and bubble size are ±0.4%, ±0.1°C, and ±10 μm, respectively, according to the manufacturer’s specifications.


Fig. 1. a) Photo of the experimental setup, and b) schematic diagram of the test section.

2.2 Nanofluid preparation and characterization
In the present study, spherical, rutile, TiO2 nanoparticles (Ionic Liquids Technologies, io-li-tec GmbH, Germany) with an average diameter of 10-30 nm were utilized. A scanning electron microscopy (SEM) image of the nanoparticles before dispersion in the water is shown in Fig. 2a. Nanofluids were prepared by adding the nanoparticles to each of the base fluids deionized water (DI water) and ethanol. No surfactant was used for studying the effect of nanoparticles to avoid any side effects of surfactants on bubble dynamics. Sonication (Fisher Scientific Ltd., cat. no. FB15047) was carried out for at least half an hour to disperse the nanoparticles. Following this step, a magnetic stirrer was utilized for half an hour for a better dispersion. The hydrodynamic diameter of the nanoparticles in each nanofluid was measured to show whether the nanoparticles were well-dispersed in the base fluid. Dynamic light scattering (DLS) measurements for both ethanol based and DI-water based nanofluids were performed by the nanosizer equipment (90PLUS/BI-MASS, Multi angle particle sizing option, Brookhaven Instruments Corporation, USA). Three measurements were made for each nanofluid, and the averages of the measurements are plotted in Fig. 2b. The peaks of the DLS measurements are located at 151 nm and 117 nm for DI-water based nanofluids and ethanol-based nanofluids, respectively.


Fig. 2. a) Scanning electron microscopy (SEM) secondary electron (SE) image of TiO2 nanoparticles, and b) dynamic light scattering (DLS) measurement of nanofluids with different base fluids.

3 Theoretical Background
Understanding the forces acting on a bubble plays an important role in analyzing the bubble dynamics and the effect of nanoparticle deposition on the channel wall. Generally, the significant forces acting on the gas bubble in the channel are inertia, surface tension, Marangoni, shear, and buoyancy forces [19–21]. The main forces acting on a bubble in the channel are shown in Fig. 3, based on the shape of the bubble.


Fig. 3. Forces acting on: a) a bubble smaller than the channel hydraulic diameter, b) a confined bubble (the diameter is equal to the channel hydraulic diameter), c) an elongated bubble, and d) a stopped bubble smaller than the channel hydraulic diameter. 

Inertia force, , acts at the channel cross section:
										(1)
									(2)
where  and  are the average density and mean velocity of the fluid, respectively,  is the channel cross section area and  is the channel hydraulic diameter for the confined bubble, where its diameter is the same as the channel hydraulic diameter, and is replaced with bubble diameter, , for bubbles smaller than the channel hydraulic diameter. The inertia force is in the flow direction. As the main aiding force, it pushes the bubble along the channel. As can be seen from Eq. (1), for a confined bubble, this force increases with the flow velocity; and for smaller bubbles, it increases with both an increase in the flow velocity and the diameter of the bubble.
The surface tension force, , is an interfacial force given as:
								(3)
										(4)
where  is the surface tension,  is the contact angle of the liquid-gas interface, which is assumed as the static contact angle and  is the bubble diameter. The modification of the surface, i.e. nanoparticle deposition, alters the contact angle. Using different working fluids, such as ethanol, water or nanofluids, the surface tension alters, thereby changing the total surface tension force. For a non-spherical bubble, the diameter is replaced with the Sauter mean diameter (SMD), , where  and  are the volume and surface area of the bubble, respectively.
By considering the dynamic, advancing and receding contact angles, the proportionalities of the surface tension force at advancing and receding sections are stated as:
								(5)
								(6)
where  and  are the advancing and receding contact line lengths, and ,   and  are the advancing, receding and equilibrium contact angles of liquid-gas interface, respectively. The equilibrium contact angle is calculated by balancing the forces at the triple contact line [28].
When studying a bubble smaller than channel hydraulic diameter, the surface tension force acting on the bubble can be categorized according to the acting point: surface tension on the top of the bubble with contact angle of zero and surface tension acting along the triple line interface among the solid, liquid and the gas phases with contact angle larger than zero [29]. The surface tensions differ due to the different temperatures at the triple line interface and fluid temperature at the bubble’s top section.
The Marangoni effect arises due to surface tension gradients produced by spatial variation of either temperature or concentration. The surface tension decreases with an increase in temperature for most fluids, decreases up to a specific temperature and then increases beyond this temperature for self-rewetting fluids. With the application of heat flux to the channel walls, the temperature of the inlet fluid increases along the channel. As a result, the surface tension gradient force, , becomes important and is expressed as [30]:
										(7)
The variation of surface tension can be due to thermal or concentration effects:
									(8)
where  and  are the temperature and the concentration of the solution in the fluid (in the case of using solutions, such as surfactants), respectively. Temperature and concentration gradients cause the thermocapillary and solutocapillary Marangoni effects, respectively [31].
For single phase flow, assuming a constant heat flux, the local fluid temperature, , is given as:
								(9)
where  is the inlet temperature,  is the applied heat flux,  and  are the inner cross sectional dimensions of the channel,  is the specific heat capacity, is the mass flux,  is the channel cross sectional area and  is the location related to the inlet. 
In the present study, due to absence of any surfactant and subsequent fixed solution concentration, the temperature gradient is the main parameter for changing the Marangoni force as shown in the following expression [32]:
 									(10)
where  is the bubble radius,  is a positive constant number for most of the fluids,  is the temperature along the bubble interface and  is temperature gradient.
The shear force, , is an interfacial force which acts against the flow and is expressed as:
									(11)
										(12)
where  is the fluid viscosity,  is the film (microlayer) thickness under the bubble and  is the shear plane area over which the force acts. The main factor affecting the shear force is the local velocity gradient in the liquid.
The buoyancy force, , or gravity force, is a body force and results from the difference in the gas and liquid densities:
								(13)
								(14)
where  and  are the gas and fluid densities,  is the gravitational acceleration,  is the heating surface orientation,  and  are the bubble diameter and volume, respectively. 

4 Results and Discussion
The characteristics of single air bubble dynamics in flows through a rectangular glass channel were investigated with the assistance of visualization and velocity measurements. Moreover, discussion about the forces and underlying mechanisms are included by considering the effects of heat flux, mass flux, fluid type, nanoparticle deposition and bubble size. The bubble dynamics is highly dependent on the combined effect of acting forces, Fig. 3. A sample temperature distribution along the channel, which was captured with the IR camera, can be seen in Fig. 4.


Fig. 4. A sample temperature distribution on channel outer surface at the heat flux of 4.5 kW/m2 showing four sections at along a length of 4 cm of the end of channel. Max temperatures at these sections are: TMax,1=44.1°C, TMax,2=44.7°C, TMax,3=45.3°C and TMax,4=46.2°C

The effect of heat flux on a single injected air bubble in pure water is displayed in Fig. 5. While the bubble diameter (3.9 mm) in Fig. 5a (bubble I) is approximately the same as that in Fig. 5b (bubble II), the speed of bubble II, corresponding to the heated case, is slightly lower than that of bubble I, corresponding to the adiabatic case. In the light of the force analysis, it can be asserted that, in both cases, inertia and surface tension forces act on the bubble as forces aiding flow, whilst the shear force acts on the bubble as a resistive force. By application of the heat flux, Marangoni force is introduced to the bubble along the flow direction. On the other hand, an increase in the temperature causes a decrease in the surface tension force due to a decrease in the surface tension. As an outcome of the changes in forces, the bubble velocity slightly decreases with heat flux.


Fig. 5. Velocity measurement of a bubble in DI water at the flow rate of 1 mL/min for: a) no heat flux, and b) heat flux of 1.4 kW/m2. (D=3.9 mm)

Figure 6 exhibits the comparison of the speeds of single bubbles in ethanol as the working fluid with almost the same diameter at different flow rates, namely 1, 3, 5, and 10 mL/min. As expected, bubble speed increases with the flow rate due to increasing inertia force. 


Fig. 6. Bubble speed in ethanol as working fluid under adiabatic conditions for flow rate of:
a) 1 mL/min, b) 3 mL/min, c) 5 mL/min, and d) 10 mL/min.

The forces (per unit area) acting on the bubbles in the moving direction were calculated according to the aforementioned equations. As can be seen in Fig. 7, the surface tension force is nearly constant due to the constant diameter and contact angle of the bubble in Fig. 6. On the other hand, inertia and shear forces have an increasing trend with flow rate. Since the increase in the inertia force with flow rate is more than in the shear force, an increase in the flow rate leads to a larger bubble velocity. Marangoni force is not present for this case due to adiabatic conditions.


Fig. 7. Forces acting on the bubbles in ethanol as working fluid under adiabatic conditions for different flow rates.

From the heat transfer point of view, the effect of nanoparticles has not been fully understood. The possible underlying mechanisms of enhancement or deterioration of heat transfer along with the usage of nanoparticles can be found elsewhere [33,34], while the effect of nanoparticles on bubble dynamics has not been assessed in detail. The bubble speed in both water and water-based nanofluid with a fraction ratio of 0.005 wt.% for different heat fluxes and a constant flow rate (10 mL/min) is presented in Fig. 8. As seen in Fig. 5, increasing the heat flux leads to a slight reduction in bubble speed for water at a low flow rate (1 mL/min) (Case 1). However, while bubble speed becomes slightly larger with increasing heat flux at a high flow rate (10 mL/min) for water, Figs. 8a and 8c, (Case 2), bubble speed slightly decreases for nanofluid at higher heat flux, Figs. 8b and 8d, (Case 3). The inertia force is greater in Case 2 than Case 1 due to the higher mass flux. A higher applied heat flux results in an increase in the Marangoni force, which is an aiding force. The increase in Marangoni force is greater in Case 2 than in Case 1. However, the surface tension force diminishes with temperature. A sample force analysis is shown in Fig. 9 for the flow rate of 10 mL/min as a function of applied heat flux. The nanoparticle effect becomes more apparent at high applied heat fluxes and high flow rates by retarding the bubble motion, (Case 3). Due to an increased pinning effect at higher heat fluxes, a drop in bubble speed is apparent for nanofluids. 






Fig. 9. Forces (per unit area) acting on the bubble at flow rate of 10 mL/min, heat flux of 0.4 kW/m2 9 kW/m2, and working fluids of pure water, and water/TiO2 nanofluid.

Figure 10 displays the impact of nanoparticles on the elongation process of a bubble in ethanol. Under adiabatic conditions, a striking difference in bubble velocity between pure ethanol and an ethanol-based nanofluid is seen (Figs. 10a-b). With increasing heat flux, the elongation process in an ethanol-based nanofluid is weakened with respect to that in pure ethanol, so that bubble nose speed in the pure ethanol becomes greater than that in ethanol-based nanofluid (Figs. 10c-d). Clearly, nanoparticles induce a resistive effect on elongation process. As shown in Fig. 8, at high heat flux, the pinning effect influences a bubble, whose diameter is smaller than the channel hydraulic diameter by decreasing its velocity. Similarly, in Fig. 10, for the elongation process at a higher heat flux, this effect causes the bubble nose velocity to decrease and shortens the bubble elongation length.


Fig. 10. Bubble speed for the case of without applied heat flux in working fluid of: a) pure ethanol, b) TiO2/ethanol nanofluid and for the case of with 2.3 kW/m2 applied heat flux in working fluid of: c) pure ethanol and d) TiO2/ethanol nanofluid in non-deposited channel.





Fig. 11. Critical diameter of bubbles on surface with TiO2 nanoparticles deposition for pure ethanol as working fluid at heat flux of 0.8 kW/m2 with flow rates of: a) 1 mL/min, b) 3 mL/min, c) 5 mL/min and d) critical diameter for above flow rates.


Fig. 12. Forces (per unit area) acting on the bubble on surface with TiO2 nanoparticles deposition for pure ethanol as working fluid at heat flux of 0.8 kW/m2 with flow rate of 10 mL/min.

The deposition of TiO2 nanoparticles enhances the wettability of the surface due to the increase in the ratio of actual surface area to the projected surface area such that the surface becomes more hydrophilic, and the contact angle decreases. It is believed that this increase in actual surface area occurs by nanoparticles filling the cavities on the surface [35]. Considering a sliding bubble in a deposited channel, the inertia, Marangoni and surface tension forces act on the bubble in the direction of flow, while the shear force acts as resistive force. As a result of interplay among these forces, there are cases, where the bubble stops moving due to resistive forces exceeding the driving forces. When the bubble stops in the presence of a heat flux, forces arising from bubble growth, such as quasi-steady and asymmetrical growth forces, begin to have an effect. Deposition of TiO2 nanoparticles changes the contact angle and surface characteristics. As a result, the surface tension force changes, leading to the bubble stop at a critical position for ethanol. At a constant flow rate and applied heat flux, the bubble continues growing at this position, hence, surface tension force increases, while shear force decreases until the resultant of the major forces pushes the bubble along the channel again.
The reason for why the aforementioned bubble stop behavior is not observed for pure water or related nanofluids may be that the diameter of the generated air bubbles is not small enough to stick before it reaches the deposited area, where the bubble size is bigger than the critical size for stopping. Bubble motion in both pure water and a water-based nanofluid flowing on plain and TiO2 nanoparticle deposited channels are shown in Fig. 13.


Fig. 13. Bubble shapes for pure water and water-based nanofluid at flow rate of 1 mL/min. (a), (d) and (e) titania deposited surface. (b) and (c) bare surface. (a), (b) and (d) pure water. (c) and (e) water based nanofluid. (a), (b) and (c) adiabatic, (d) and (e) at heat flux of 1.4 kW/m2.

In Fig. 13a, three different bubbles can be seen in the inlet, middle and outlet sections of the channel under adiabatic conditions. The change in the advancing angles of the bubbles in pure water is the evidence of the effect of deposition on contact angle (bubbles I and III), while this is not observed for the plain channel (Fig. 13b). On the other hand, the advancing and receding contact angles of the bubbles in water-based nanofluids are almost the same, unlike the pure water case (Fig. 13c). There is no significant difference between the advancing and receding contact angles of the bubbles at different applied heat fluxes and different flow rates for the same working fluid, which can be seen when comparing Figs. 13a-d (bubbles III and IV). Furthermore, adding nanoparticles to water also alters the advancing angle with respect to pure water, Figs. 13d and e (bubbles IV and V).





Fig. 14. Advancing and receding contact angles for pure ethanol and ethanol-based nanofluid with 1 mL/min flow rate and adiabatic condition. (a) and (b) titania deposited surface. (c) and (d) bare surface. (a) and (c) pure ethanol. (b) and (d) ethanol-based nanofluid.

5 Conclusion
Experimental results on the dynamics of an injected single air bubble in rectangular channels were obtained under adiabatic and diabatic conditions with the aid of visualization. The characteristics of bubble movement were analyzed in relation to fluid type, heat flux, flow rate and deposition. When a heat flux was applied to the system with water flowing at a low rate, the bubble speed was slightly reduced relative to the adiabatic case. However, at a high water flow rate, an increase in the heat flux led to an increase in bubble speed. In the deposited channel, bubbles stopped at a critical position for pure ethanol as a result of the resistive force exceeding the driving force. At a fixed applied heat flux, the stopped bubble continued growing until it reached a critical diameter and then it started to slide again. This critical diameter was dependent on the flow rate but not on the heat flux. The bubble nose speed was larger for pure ethanol than that for ethanol-based nanofluid, which indicated that nanoparticles induced an additional resistive effect on the elongation process. Nanoparticle deposition altered the advancing contact angle for pure water and the shape of the bubble for pure ethanol and an ethanol-based nanofluid and made the bubble more elliptical. As a result, this study provides valuable insight into the effect of nanoparticles on bubble dynamics and shape.
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